The development of excessive and persistent drinking under intermittent food-reinforcement schedules, known Schedule-induced polydipsia (SIP), has been proposed as a successful animal model to study compulsive behaviors. On the last decade, we have been working in our laboratory on the stratification of the compulsive rats on SIP in order to know whether differences in the acquisition of compulsive drinking behavior could predict alterations in other behavioral measures as well as in the neurochemical function typically associated with compulsive spectrum disorders. The aim of this review is to collate the main findings relevant to the characterization and use of the high compulsive drinking rats (HD) in SIP as a possible compulsive endophenotype. The review of the genetic, behavioral and neurochemical differences found in the selection allows us to conclude that HD rats could be a valid model for studying the compulsive phenotype and modelling psychopathology common to a variety of compulsivity spectrum disorders such as obsessivecompulsive disorder (OCD), schizophrenia and alcohol abuse.
Introduction
Compulsivity represents the performance of repetitive and functionally impairing overt or covert behavior without adaptive function, performed in a habitual or stereotyped fashion, either according to rigid rules or as a means of avoiding perceived negative consequences [1] . Obsessive-compulsive disorder (OCD) is one of the
Genetic Differences: Are Rat Strains Different in SIP Acquisition?
We have found that the quantity of SIP developed could vary across different inbred and outbred rat strains. These differences in SIP behavior may reflect an association with other behavioral or neurochemical differences characteristic in the rat strains tested. It has been reported that rats that show a high locomotor response to novelty (high responders) and displayed high d-amphetamine self-administration also developed faster and achieved higher levels of SIP than low responsive rats [32] [33] . Different lines of inbred Fisher 344 (F344) and Lewis (LEW) rats also exhibit different levels of SIP [34] [35] . The F344 strain, hyper-responsive in relation to HPA activity acquired faster and drank more than LEW strain, which was hypo-responsive to HPA. Lister Hooded compared to Wistar rats typically displayed higher levels of exploratory behavior and lower levels of anxiety [36] [37] . Wistar rats more readily acquired SIP and exhibited a greater level of water drinking than Lister Hooded [38] [39] . Moreover, the SIP task has proved to be sensitive to genotypic differences in alcohol consumption, revealing that strain differences in a SIP alcohol drinking paradigm between C57BL/6J and DBA/2J mice are the same as those obtained using more traditional methods of alcohol self-administration [10] . Selective breeding of Roman high-(RHA) and low (RLA) rats for rapid vs extremely poor acquisition of active avoidance behavior in a shuttle-box has generated two phenotypes with different emotional and motivational profiles. Roman rat strains include differences in anxiety, novelty seeking, stress responsivity and susceptibility to addictive-substances [40] - [43] . RHA rats show an increased acquisition of compulsive drinking on SIP, a higher impulsive choice in a delay discounting task and poor inhibitory control as shown by increased trend to premature responses in the 5-choice serial reaction time task (5-CSRT) [31] . In a recent study, spontaneously hypertensive rats, characterized as hyperactive and impulsive, displayed increased drinking in SIP compared to the controls Wistar Kyoto rats [44] .
All of these studies showed that SIP procedure select phenotypes of rats that have shown differences in deficits on inhibitory control responses by impulsive/compulsive tasks or vulnerability to drug use, pointing towards a positive correlation between this deficit and the amount of drinking on SIP. However, further research is needed to better characterize the compulsive phenotype of HD rats.
Which Behavioral Traits Are Present in Compulsive HD Rats? Behavioral Differences
Is it possible to predict which animals will show a propensity to compulsive behavior from their levels of SIP?
On the last decade, we have been working in our laboratory on the selection of the compulsive rats on SIP. The procedure for stratification of Wistar rats is done after 20 days of SIP testing. Then it is possible to differentiate two groups of rats, one with high or excessive drinking (HD) and a second group with low drinking or not SIP acquisition (LD). The selection of the subpopulations of rats is based on whether their rates of drinking (average for each animal on the last 3 SIP sessions) were above or below the group median, respectively (see Figure 1) .
In different experiments, after SIP acquisition HD and LD rats have been tested in different procedures and tasks to assess behaviors and behavioral traits, such as novelty reactivity, anxiety or deficit in inhibitory control related to symptomatology and vulnerability to compulsive spectrum disorders. HD and LD rats did not differ in novelty reactivity, as no differences were found between them on spontaneous locomotor response to a novel environment on activity cages, measured as the number of photo-beam breaks over a 60 min period [29] . HD and LD rats did not differ in anxiety response assessed by the percent of time spent on the open arms or by the percent of open-arm entries in the elevated plus maze (EPM). This test evaluates anxiety by confronting the rats with novel environments in which they must cope with two opposing tendencies: their innate curiosity to explore new environments and their natural avoidance of open spaces. This result indicates that individual differences in SIP were not paralleled by differences in anxiety like-behaviors such as measured by EPM [27] . We have also assessed the reward seeking process by using a conditioned place preference (CPP) to d-amphetamine; HD and LD were assessed in a CPP test against preferences. The first association for all animals was amphetamine. Thus, on days 1, 3, 5 and 7 rats were administered amphetamine and placed in the less preferred compartment on the first day, for 30 min. On days 2, 4, 6 and 8, the rats received saline and were confined to the initially preferred compartment during the same time period. The test comprised a third stage or post-conditioning, which was similar to day 1 of the procedure. Rats were allowed to freely explore the entire apparatus for 15 min and the time the animal spent in each of the compartments was recorded. Results indicated that HD and LD profiles were similar in CPP reflecting the same levels of reward seeking process (see Figure 3) [45] .
Individual differences in impulsivity between HD and LD animals have also been tested in two impulsivity paradigms. The results indicated that HD animals exhibit more impulsive decision making in a delay discounting task [26] [46] and less inhibitory control on the 5-choice serial reaction time task, as demonstrated by increased perseverative-compulsive responses under extinction conditions, and an increased sensitivity to d-amphetamine effects in premature-impulsive response in the same task [29] . Furthermore, recent unpublished results from our lab have revealed that HD rats required more trials to learn the reversal phase of a within-session spatial reversal learning task than LD rats, thus indicating deficits in cognitive flexibility.
HD and LD rats did not differ in the behavioral traits related with anxiety, novelty reactivity or reward seeking. However, as indicated by the differences commented above, it seems that there is a positive correlation between inhibitory control deficits, including cognitive inflexibility, and the level of SIP acquired. Then, coming back to the question raised at the beginning of this section, it seems that the level of SIP acquisition could indicate a propensity to compulsive behaviors. Therefore the study of HD animals in comparison with LD could be a useful model for studying the specific neurobehavioral mechanisms of impulsive/compulsive behaviors, discarding the influence of other behavioral traits such as anxiety, novelty reactivity and reward seeking.
Neurochemical Function in Compulsive SIP Rats
Data from our laboratory have shown that individual differences in SIP development are related to neurochemical differences linked to the dopaminergic and serotoninergic systems. Rats classified according to SIP acquisition, as high drinkers (HD) and low drinkers (LD), manifest differences in pharmacological challenge with dopaminergic drugs. HD animals reduced SIP after 0.5 mg/kg of d-amphetamine and 10 mg/kg of cocaine, while in LD rats SIP was reduced only at the higher dose of 2 mg/kg of d-amphetamine [27] . Moreover, by autoradiography analyses we have found an opposite pattern of binding in dopamine D1 and D2 receptors between HD and LD rats in the nucleus accumbens, medial prefrontal cortex, amygdala and ventral tegmental area; HD showed higher binding for D2 receptors and lower binding for D1 receptors compared LD rats, also associated with an elevated c-Fos expression in the medial prefrontal cortex of HD rats selected according to SIP performance [30] . The differences observed in compulsive drinking on SIP could result from altered mesolimbic functioning in HD animals, as indicated by hyperactivity in serotonergic and noradrenergic neurotransmission in the amygdala and the hypoactivity in dopamine neurotransmission in nucleus accumbens and prefrontal cortex in post-mortem analyses of these animals compared to LD rats [29] . These results are in accordance with neurochemical data from RHA rats, characterized by elevated SIP acquisition, that showed higher levels of 5-HT and NE and lower levels of DA activity in the striatum and the nucleus accumbens under basal conditions in comparison with RLA rats [31] .
Pharmacological treatments in humans have shown that compulsive symptoms across different psychiatric disorders respond either to serotonin reuptake inhibitors and atypical antipsychotics or the combination of both. Indeed, evidence from animal and human studies implicates 5-HT2 receptors in compulsivity (for review see [48] [49]). Data from our laboratory have shown that HD rats showed a reduction in compulsive drinking on SIP following the systemic administration of the selective serotonin reuptake inhibitor citalopram, but not to the selective noradrenaline reuptake inhibitor atomoxetine. Furthermore, the systemic administration of the serotonin 5-HT2A/C receptor agonist DOI induced a dose-dependent reduction of compulsive water intake in HD rats on SIP, without affecting LD rat behavior. However, the induced reduction of compulsive drinking by DOI observed in HD rats was reversed by the administration of the serotonin 5-HT2A receptor antagonist ketanserin and the highly selective receptor antagonist M100907, but not by the serotonin 5-HT2C receptor antagonist SB242084, which suggests that serotonin 5-HT2A receptors may have a relevant participation in the inhibition of compulsive behavior exhibited by HD rats on SIP [47] .
Conclusions
In SIP procedure, hungry but not thirsty animals exposed to an intermittent food delivery consume large amounts of water during the experimental sessions. Because of its characteristics of excessiveness and persistence SIP has been proposed as a successful model to study those neuropsychiatric disorders characterized by the presence of compulsive behavior such as: obsessive-compulsive disorder (OCD), schizophrenia, and alcohol abuse [28] . Data reviewed here have shown that HD rats have alterations in the dopaminergic and serotonergic frontostriatal neurocircuitry as occurs in compulsive spectrum disorders. We have also summarized data from behavioral studies on novelty reactivity, anxiety, reward seeking and impulsive-compulsive behaviors. HD rats present lack of inhibitory control and inappropriate persistence measured as: premature and perseverative responses, in 5-choice serial reaction time task, impulsivity choice in a delay discounting task and cognitive inflexibility assessed in a spatial reversal learning task. The amount of SIP acquisition seems to be a good predictor of traits related to inhibitory control deficits.
Future studies have to address if the compulsive drinking displayed by HD rats on SIP is due to an alteration in the stopping process or the establishment of an inappropriate habit, therefore we can have a better knowledge of the neurochemical alterations involved in the activation or inhibition processes responsible for that excessive SIP behavior and whether new therapeutic strategies are able to modify that compulsive phenotype.
